Over the past decades the invasive Ponto-Caspian gammarid Dikerogammarus villosus spread throughout large rivers of central Europe, thereby rapidly displacing most of the native gammarid species. In 2003, D. villosus was fi rst observed in Lake Constance and was predicted to out-compete the native Gammarus roeselii. However, today the two species coexist at several sites. We hypothesized that a higher variability of substrates in the littoral zone of Lake Constance, compared to that found in most European waterways, allows coexistence of these two species. To analyze substrate choice of these two gammarid species we exposed them individually and together in enclosures to the littoral zone in the lake. These enclosures contained a combination of the following substrates: bare stones, stones covered with Dreissena polymorpha, Chara sp., shells of Corbicula fl uminea, leaves, and sand. D. villosus strongly preferred structure-rich hard substrates like stones while avoiding sand and leaf litter. G. roeselii barely differentiated among substrates occupying even sandy habitats. To compare these results with natural gammarid habitat choice we measured gammarid densities on the substrates mentioned above in the littoral zone of Lake Constance. In contrast to enclosures, G. roeselii was virtually displaced by D. villosus on stones covered with D. polymorpha in the lake. Even four years after the invasion of D. villosus, high densities of G. roeselii could still be found in Chara and leaf litter. From these data we hypothesize that G. roeselii takes refuge from D. villosus by colonizing substrates not occupied by the invader. These substrate types only exist in natural waterbodies and are lacking in regulated rivers which generally have poor substrate richness.
Introduction
Biological invasions are considered to be a major driving force behind changes in freshwater biodiversity (Sala et al. 2000) . This is also true for the benthic communities of European rivers, which have, over the past three decades experienced a major shift in species caused by the invasion of exotic invertebrates , Kelleher et al. 1998 , Kinzelbach 1995 .
Gammarids belong to the most successful aquatic invaders. To date they account for 80-90 % of the macroinvertebrate numbers as well as biomass in the Rhine River (van Riel et al. 2006) . Reasons behind their success lie in: their high tolerance for a wide range of environmental conditions (Bruijs et al. 2001 , Devin & Beisel 2007 , Wijnhoven et al. 2003 , their high reproductive capacity , Pöckl 2007 , and their superior competitiveness as predators (Dick et al. 1990 , MacNeil & Platvoet 2005 . Nevertheless, spatial as well as temporal partitioning of resources and habitats may facilitate coexistence between native and invasive gammarid species (MacNeil et al. 2001) , especially when organic substrates such as macrophytes or mussels present themselves as habitats for amphipods (Musko 1989 , Zytkowicz 2008 . eschweizerbartxxx ingenta First publ. in: Fundamental and Applied Limnology 173 (2008), 3, pp. 177-186 Konstanzer The Ponto-Caspian gammarid Dikerogammarus villosus (Sowinsky) arrived in Germany in 1992 via the Danube River. Thereafter, it rapidly spread throughout the Main and Rhine River System by passing through the recently completed Main-Danube Channel (Bij de Vaate et al. 2002 , Tittizer et al. 2000 . D. villosus is now well established in many waterways in Western and Middle Europe (Casellato et al. 2006 , Bij de Vaate et al. 2002 , Devin et al. 2001 , Grabowski et al. 2007b ). There, it often displaces native amphipods, thereby becoming the dominant amphipod species , Dick & Platvoet 2000 , van Riel et al. 2006 ) while also out-competing non-crustacean invertebrate taxa (Haas et al. 2002) . This fast expansion has been attributed to its high reproductive potential (Pöckl 2007 , Grabowski et al. 2007a , its ability to disperse by attaching to boats and in ballast water (Bruijs et al. 2001) , and due to its predation on other gammarid species (Dick et al. 2002 , Kinzler & Maier 2003 .
D. villosus and D. haemobaphes (Eichwald) were also able to invade large European lakes. They displaced the earlier occurring Gammarus roeselii Gervais in Lake Balaton, Hungary in the 1950s (Musko 1994) . In Lake Markermeer and Lake IJsselmeer D. villosus rapidly replaced the native gammarids (Dick & Platvoet 2000) . Lake Geneva, Switzerland/ France, and Lake Garda in Italy were also recently invaded (Bollache 2004 , Casellato et al. 2006 ), but presently little is known as to whether or not the benthic community was affected in the latter cases.
In 2003, D. villosus was discovered in Lake Constance (Mürle et al. 2004) where it has quickly out-competed the previously dominant gammarid G. roeselii. G. roeselii originated from the Balkan area (Jazdzewski 1980) . By 1835 it had been discovered and described in the surrounding waters of Paris (Gervais 1835) and is now considered a naturalized species in Central Europe ("it is a former exotic species, well established and in balance with its environment") (Josens et al. 2005) .
Within a few months after the arrival of D. villosus, the abundance of G. roeselii on stony substrates rapidly declined (Mörtl et al. 2005) . However, healthy populations of G. roeselii can still be found in stony habitats during the winter (own observations) in areas that D. villosus is known to occupy since the summer of 2003 (Mörtl et al. 2005) . From spring to fall the area in the deeper littoral consists of sand overgrown by characeans. During the summers of 2005-2007 G. roeselii was predominantly observed in the characeans (1-2.5 m depth) with occasional sightings on stones (0-1 m depth). We therefore conclude that both species coexist in Lake Constance.
In comparison to the strongly anthropomorphic affected navigable parts of European waterways, the littoral zone of Lake Constance is characterized by a huge variety of natural substrates, inorganic ones ranging from silt to rock, including all particle sizes, several macrophyte species, and organic detritus in the form of leaf litter (Gross et al. 2002 , Schmieder et al. 2004 ). Channelization of rivers often results in loss of habitat and diversity through replacement of variable substrate with more uniform sand or gravel streambeds and groyne packages along the riverbanks, e.g. in the Rhine River (Uehlinger et al., in press ). We hypothesized that the coexistence of gammarid species results from substrate diversity, where suitable habitat for G. roeselii may be unfavorable for D. villosus. Distribution of gammarids in different habitats has mostly been assessed in the fi eld (Devin et al. 2003 , Mörtl et al. 2005 , van Riel et al. 2006 , Zytkowicz et al. 2008 . But habitat choice is also affected by other factors including competition with other species and predation. To determine if gammarid distribution in the fi eld is due to biological interactions rather than substrate choice, specifi c habitat choice experiments should be conducted. Until now such experiments were only carried out using lava stones and sand as substrates (van Riel et al. 2007) . These experiments are transferable to artifi cially reconstructed rivers, but are not complex enough to be used in predicting habitat use for structure-rich lakes. To obtain more specifi c data we assessed substrate preference of D. villosus and G. roeselii individually and together in enclosures with six different substrates in the littoral zone of Lake Constance. Natural distributions for both gammarid species on varying substrates in the littoral of the lake were compared.
Material and methods

Substrate preference enclosure experiments
Individuals of D. villosus and G. roeselii were collected every two weeks from March to June 2006 in the littoral zone of Lake Constance near the city of Konstanz, Germany. Collected gammarids were kept in 20-l fl ow-through systems fl ushed with fi ltered lake water (40 μm), and were fed every second day with TetraMin ® fl akes. All substrates except leaves were taken from the littoral zone and thoroughly cleaned. Naturally abscised leaves of beech and poplar were collected in nets in the autumn of 2005 and air dried. The leaves of these tree species serve as adequate substrates for gammarid colonization (Pabst et al.2008 ).
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Enclosure experiments were carried out from March to July 2006 in the littoral zone of Lake Constance near the Limnological Institute [see Mörtl & Rothhaupt (2003) for a detailed description of the study site]. There the lake banks incline gently and are covered with sand, pebbles, and gravel (20-200 mm diameter). We tested habitat preference of gammarids in a twochoice setup by exposing cages containing two different substrates. The cages were made of an aluminum frame (0.6 × 0.4 × 0.4 m) covered with gauze (1 mm mesh width). The cages had a removable aluminum partition wall, which allowed us to separate both half-sides of the cage for the counting of individuals on any given substrate combination at the end of the experiment. The gammarids were exposed to the cages for 72 h at a depth of 1.5 m. After each cycle the cages were carefully lifted to the water surface to insert the partition walls from the top of the cage.
We tested gammarid substrate preference on six different substrates representing the naturally occurring substrates in Lake Constance including: 1) round stones of ca. 100 mm diameter (n = 11), 2) round stones (n = 9) covered with Dreissena polymorpha (Bivalvia) (13 ± 3 mm), 3) a 30-mm layer of cleaned Chara sp. (Macroalgae) (7.3 ± 1.2 g dry wt.), 4) 210 empty Corbicula fl uminea (Bivalvia) shells arising from 105 individuals (15.7 ± 2.7 mm), 5) leaves of beech (3.2 g dry wt.) and poplar (2.0 g dry wt.), and 6) a 2-mm layer of sand (< 0.2 mm grain size). These substrates were all placed on top of 2 mm of sand. Biases arising from currents along the shore were circumvented by orienting replicate cages in opposite directions.
During the experimental period the mean daily water temperature rose gradually from 6.2 °C in March to 24.5 °C in June. Effects of changing water temperatures were minimized by evenly distributing the replicates during the experimental period (spring to summer): two replicates each at the beginning, middle, and end of the experimental period. Because the macroalgae Chara begins to grow in May, experiments with Chara were run then. Eight of the 162 samples were lost due to storms or vandalism which accounts for sample sizes of less than six.
Stones as reference
Bare stones were used as a benchmark for substrate preference. This benchmark applies to both species and during preliminary experiments in summer 2005, D. villosus intermittently preferred stones. We tested 6 combinations of two substrates in: each case bare stones versus one of the previously described substrates. G. roeselii and D. villosus were tested either as single species (32 individuals) in the enclosures or as mixed species (16 individuals of each species). This setup allowed for detection of habitat shifts caused by interspecifi c interaction. Each test was replicated at least six times. Equal distribution of gammarids on the two substrates (50 % : 50 %) was recorded as '50 % preference'. Deviations from such distributions were registered as preference or avoidance, respectively. The control consisted of stones on both sides of a cage and was analyzed as if the two sides contained different substrates.
Ecologically relevant combinations
During this experiment other substrate pairings were compared: a) C. fl uminea shells and sand -to test the effect of another invasive species, b) Chara and sand -to test the effect of D. villosus on G. roeselii and hence its occupation of Chara, and c) Chara and stones covered with D. polymorpha -to test the displacement of G. roeselii by D. villosus to Chara.
Abundance loss in enclosures
Loss of individuals in single and mixed species treatments was calculated as the difference in the number of specimens between start and end of the experiments (after 72 h).
Distribution in the fi eld
We determined the densities of both gammarid species in the littoral zone of Lake Constance in July 2007. We sampled all substrate types used in the enclosure experiments plus one more: stones covered with D. polymorpha, Chara (layer of 50 mm; 55.2 ± 4.2 g dry wt.), and sand all located at 1.5-2.5 m depth in the littoral zone of Egg near the city of Konstanz. Bare stones (0.5 m depth), leaf litter (0.1-0.5 m depth), and 250 mm thick layers of Chara (1 m depth; 194.5 ± 51.8 g dry wt.) were taken from a shallow protected bay to the east of Konstanz (Seerhein). We sampled gammarids by snorkeling. A 0.25x0.25 m² frame of aluminum was placed on the ground from which all substrate was carefully removed into a hand net (0.2 mm mesh width). Escaping gammarids were caught with a hand net. All gammarids larger than 3 mm were fi xed in Ethanol (70 %), counted, and placed into size classes (3-6.9 mm, 7-11.9 mm, > 12 mm). Gammarid densities per m² were calculated. Gammarid counts on C. fl uminea were determined at 1 m depth near Fußach, Austria in the sandy littoral of Lake Constance and were provided by Stefan Werner. 
Statistical analyses
All preferences in the enclosures were expressed as the percentage of gammarids collected on one of the two tested substrates. Dead gammarids and individuals found near the dividing zone (± 1 cm) between differing substrates were not included in the analysis. To achieve homogenous variance all percent values in all experiments were angular transformed using x′ = arcsin sqrt x; (0 ≤ x ≤ 1) for statistical purposes. Homogeneity of variance was checked using a Levene's test. All data was analyzed using Statsoft STATISTICA 6.0 for Windows. The experiments were conducted with only one species or with both species present, as indicated. A, B, C: signifi cant differences between substrate preferences for single-species experiments (one-way ANOVA with Newman-Keuls post-hoc range test). For statistics regarding habitat shift due to mixed species see Table 1 .
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Stones as reference
To check for equal distribution in controls (stones on both sides) preference for one side was compared with angular transformed equal distribution using a one sample t-test. In the single species treatments preferences for all substrates were compared by using a one-way ANOVA and Newman-Keuls post-hoc range test. Potential habitat shifts due to the presence of the other species were tested for by comparing the preferences between mixed species versus single species experiments using a separate t-test for each substrate. Consequently differences in orientation of habitat shift on discrete substrates could be detected. The level of signifi cance (α = 0.05) for the t-tests was adjusted for by applying sequential Bonferroni correction to all substrates.
Ecologically relevant combinations
The preference for one out of two substrates per combination was compared with angular transformed equal distribution using a one sample t-test. Using ANOVA was not possible due to the lack of a reference substrate. Potential habitat shifts were analyzed as described above. The signifi cance levels for both analyses (α = 0.05) were adjusted using a sequential Bonferroni correction for the three substrate combinations.
Abundance loss in enclosures
To determine predation between the gammarid species the percent specifi c loss rates of single and mixed species treatments were compared using a separate t-test for each of the two gammarid species. When a higher loss occurred due to the presence of the other species the infl uence of substrate was evaluated using a one-way ANOVA.
Distribution in the fi eld
Because G. roeselii is generally smaller than D. villosus the statistical comparison of the size class distribution is not reasonable. Instead total densities of both species on the different substrates were analyzed. Densities were transformed using x′ = x^0.4 to obtain homogenous variances. Both species were analyzed separately. Densities on all substrates were compared using one-way ANOVA and Newman-Keuls post-hoc range test.
Results
Substrate preference enclosure experiments
Stones as reference
All controls (stones on both sides) were equally distributed (D. villosus alone: p = 0.377, t = -0.954, mixed species: p = 0.982, t = 0.024; G. roeselii alone: p = 0.229, t = -1.339, mixed species: p = 0.197, t = 1.453; df = 5, one sample t-test). D. villosus clearly revealed substrate choice (p < 0.001, F = 8.267, df = 5, one-way ANOVA, Fig. 1a) . As a single species D. villosus preferred stones (with and without D. polymorpha) and Chara over shells of C. fl uminea, leaves, and sand (Newman-Keuls range post hoc test). Pure sand was the least preferred substrate. Those individuals present in the sand compartment were located in corners on gauze. Conversely, G. roeselii seemed preferentially indifferent to substrate (p = 0.290, F = 1.305, df = 5, one-way ANOVA; Fig. 1b) . Individuals of G. roeselii were even found on the surface and burrowing into the sand. Neither species showed a signifi cant shift in substrate preference in the presence of the other species (Table 1) .
Ecologically relevant combinations
D. villosus signifi cantly preferred D. polymorpha over Chara (Fig. 2a, Table 2 ) as an alternative substrate preference. The preference for Chara when compared with sand was not signifi cant due to sequential Bonferroni correction (Fig. 2a, Table 2 ). In the presence of G. roeselii, D. villosus preferred C. fl uminea over sand. Additionally, its preference for D. polymorpha over Chara vanished (Fig. 2a, Table 2 ). G. roeselii remained indifferent to substrate choice both in the presence and absence of D. villosus (Fig. 2b, Table 2 ).
Abundance loss in enclosures
There was a mean loss of 13.0 % for D. villosus and 16.3 % for G. roeselii during the single species experiments. Gammarid loss resulted from predation, natural mortality, and handling effects. In mixed species experiments loss of D. villosus did not differ from single species experiments (13.5 %; p = 0.613, t = 0.507, n = 56, t-test), whereas the loss of G. roeselii rose signifi cantly to 26.7 % (p < 0.001, t = 3.655, n = 56, ttest). This enhanced loss rate could not be associated with differing combinations in substrate (p = 0.308, F = 1.221, df = 8, one-way ANOVA).
Distribution in the fi eld
In the fi eld both species revealed different distributions on the analyzed substrates (D. villosus: p < 0.001, F = 9.812; G. roeselii: p < 0.001, F = 74.42; df = 6, oneway ANOVA). D. villosus preferred stones (with or without D. polymorpha) and the 5-cm layer of Chara and was rare or absent on shells of C. fl uminea, leaf litter and sand. Its densities in the thick layer of Chara were intermediate ( Fig. 3a ; Newman-Keuls range post hoc test). G. roeselii appeared in high densities in the 25 cm layer of Chara and in leaf litter. Densities in the thin layer of Chara were intermediate, and low on stones (with or without D. polymorpha), shells of C. fl uminea and on sand ( Fig. 3b ; Newman-Keuls range post hoc test). Overall the densities of G. roeselii appear to be higher than those for D. villosus, but substrates with the highest densities of G. roeselii (thick layers of Chara and long lasting patches of leaf litter) are very rare, whereas stones, sand and thin layers of Chara are very common in the lake. Gammarids in Lake Constance 183
Discussion
Enclosure experiments
In our enclosures, D. villosus clearly portrayed substrate choice. It preferred stony substrates, especially when covered with D. polymorpha, and simultaneously avoided bare sand and leaf litter. In contrast, G. roeselii revealed no signifi cant selective capacity.
To our knowledge only one published experimental study analyzing substrate preferences of D. villosus (van Riel et al. 2007) exists. The authors concluded that D. villosus prefers small lava stones to bigger ones and avoids sand, and that G. roeselii revealed weaker preferences. These results were confi rmed by our fi ndings as well. Because other substrates, especially organic materials, were not analyzed in that study we will continue discussing our results using published fi eld data.
Reports from Lake Balaton observed D. villosus primarily on groyne stones overgrown with D. polymorpha and in lower densities on macrophytes (Musko 1989) . In rivers D. villosus occurs in areas of low habitat diversity due to channelization. For example, in the French River Moselle and in modifi ed distributaries of the River Rhine in the Netherlands high densities of D. villosus are found on riverbanks consisting of groyne stones (Devin et al. 2003 , van Riel et al. 2006 ). There D. villosus is strongly associated with D. polymorpha and is never found on sand. In contrast, G. roeselii can be found on a wide variety of substrates such as in leaf litter and on plants, as revealed by our fi eld data (Mörtl et al. 2005) . In Lake Constance G. roeselii formerly occupied stony substrates in high densities which are now the preferred habitats of D. villosus (Mörtl et al. 2005) .
A deeper insight into the selective capacity of D. villosus is provided by the analysis of further eco- eschweizerbartxxx ingenta logically relevant substrate combinations in the enclosures. D. polymorpha is highly preferred to Chara, which was not clearly shown in the previous experiment. This preference can be explained by a strong association between the invasive gammarid and zebra mussels as discussed by Lods-Crozet & Reymond (2006) . G. roeselii did not show a signifi cant disparity in distribution to D. villosus as it did in the previous experiment. The presence of G. roeselii accounts for two shifts in the choice behavior of D. villosus: First, the preference towards D. polymorpha compared to Chara was signifi cantly reduced. In the mixed species treatment G. roeselii was essentially equally distributed over both substrates. Because it serves as a food source for D. villosus (Dick et al. 2002 , Kinzler & Maier 2003 ) the invader probably followed its prey into the Chara. The second change in choice of D. villosus is seen by avoidance of pure sand in contrast to shells of C. fl uminea. This behavior supports the results of the previous experiment and is also described by Werner & Rothhaupt (2008) . We have no explanation for the lack of this effect in the single species treatment.
Most probably we could observe predation by D. villosus on G. roeselii during our experiments. There was a signifi cant increase in G. roeselii mortality in mixed species treatments compared with single species treatments. The most important mechanism for the successful invasion of D. villosus is direct predation of other gammarids as discussed by Dick et. al (2002) and Kinzler & Maier (2003) . In sight of such predation we anticipated avoidance behavior by G. roeselii in the presence of D. villosus in mixed species treatments, something we did not observe. G. roeselii had ample opportunity to avoid areas of exposure to the invader until after the end of the experiment (after 72 h), hence we presume that G. roeselii does not actively avoid areas populated by D. villosus, but rather survives in habitats avoided by the invader.
Overall, G. roeselii exhibited no habitat preference, either alone or in the presence of D. villosus, whereas D. villosus revealed several substrate preferences. We therefore conclude that G. roeselii displays much weaker substrate choice behavior than D. villosus does. This presents G. roeselii with a wider spectrum of possible habitats.
Field data
Field distributions of D. villosus during the summer 2007 mainly correspond with the results obtained from the enclosure experiments. However, their density on shells of C. fl uminea was surprisingly low. This can be explained as follows: 1) most shells in the fi eld are buried in the sediment and 2) until now C. fl uminea is only found in specifi c locations surrounded by large areas of pure sand which are avoided by D. villosus. In contrast, the fi eld distribution of G. roeselii is rapidly shifting towards characeans and leaf litter when compared to G. roeselii populations in the enclosure experiment. These differences reveal deeper insight into the displacement of G. roeselii by D. villosus, since G. roeselii formerly occurred in very high densities on stones with and without D. polymorpha (Mörtl et al. 2005) . Therefore our fi ndings in the fi eld do not contradict our results in the enclosure experiment, in fact they support displacement of the native by the invasive gammarid. It is now obvious that we mainly fi nd G. roeselii on substrates not inhabited by D. villosus. The mean densities of both species in the 50-mm layer of Chara hint towards alternative mechanisms of coexistence which have yet to be analyzed in future studies. The absence of G. roeselii and D. villosus on wide sandy surfaces in the fi eld is not surprising, because these areas are devoid of food sources such as leaf litter and prey organisms. G. roeselii can be observed on sand in the fi eld in the vicinity of hard substrate. Many recent publications discuss the predominant predatory feeding of D. villosus (Dick et al. 2002 , Krisp & Maier 2005 . Its absence in leaf litter in our fi eld survey supports this hypothesis.
Our data revealed coexistence between D. villosus and G. roeselii in Lake Constance since the invasion of D. villosus in 2003. These fi ndings are contradictory to other studies that showed complete replacement of native gammarids (e.g. Devin et al. 2003 , Dick & Platvoet 2000 . Areas devoid of gammarid coexistence consist of mechanically manipulated rivers and lakes where high habitat diversity and structure rich organic substrates such as characeans and leaf litter are rare or missing. For example, the hard substrate coast of Lake Balaton where G. roeselii was displaced by Dikero gammarus spp. consists predominantly of hard man-made substrate in the form of groyne stones. Additionally, in the whole lake characeans suffered a die-back between 1940 and 1960 (Musko 1994 , Virág 1998 . We hypothesize that nearly natural or variable structured waterbodies like Lake Constance can provide coexistence between D. villosus and G. roeselii as well as other indigenous gammarid species with varied substrate preferences.
In conclusion, we acknowledge that G. roeselii is being reduced by the invasive D. villosus in most parts of Lake Constance. However, owing to the strong prefeschweizerbartxxx ingenta erence of D. villosus for stony substrates, especially when covered with D. polymorpha, there appears to be hope for G. roeselii. We anticipate that G. roeselii will survive on alternative substrates: (1) leaf litter: This substrate was not inhabited by D. villosus, but sustained high densities of G. roeselii. Since leaf patches are seasonally or locally restricted to depositional sites along the littoral zone of the lake, they will only support a small part of the G. roeselii population. (2) Chara: In the fi eld we found both gammarid species in patches of Chara, and consistent with this, both species used this substrate in our enclosure experiments. The underlying mechanisms behind these observations require further studies. We presume that these structure-rich macroalgae are important for the survival of G. roeselii, especially since characeans have been spreading rapidly in the littoral zone over the last years due to reoligotrophication (Schmieder et al. 2006) . Additional studies concerning e.g. effects of predation and interactions with other invaders are essential for a better understanding of the affects of D. villosus on the native or well-established gammarid communities in Europe.
